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The Solar Meridional Circulation and Sunspot Cycle Variability
D. H. Hathaway1 and L. Upton2,3
Abstract. We have measured the meridional motions of the magnetic elements in the
Sun’s surface layers since 1996 and find systematic and substantial variations. In gen-
eral the meridional flow speed is fast at cycle minima and slow at cycle maxima. We find
that these systematic variations are characterized by a weakening of the meridional flow
on the poleward sides of the active (sunspot) latitudes. This can be interpreted as a in-
flow toward the sunspot zones superimposed on a more general poleward meridional flow
profile. We also find variations in the meridional flow which vary from cycle-to-cycle. The
meridional flow was slower at both the minimum and maximum of cycle 23 compared
to similar phases of cycles 21, 22, and 24. Models of the magnetic flux transport by a
variable meridional flow suggest that it can significantly modulate the size and timing
of the following sunspot cycle through its impact on the Sun’s polar magnetic fields. We
suggest that the meridional flow variations observed in cycle 23 contributed to the weak
polar fields at the end of the cycle which then produced a weak cycle 24 and the extraor-
dinary cycle 23/24 minimum.
1. Introduction
The sunspot cycle minimum between cycles 23 and 24
(cycle 23/24 minimum) was exceptional compared to oth-
ers in modern times. In December of 2008 the 13-month
smoothed sunspot number reached its lowest level since July
of 1913 and the smoothed number of spotless days in a
month reached its highest level since August of 1913. In
September of 2009 geomagnetic activity, as measured by the
aa index, reached record lows (since measurements began
in 1868) while galactic cosmic rays, as measured by neutron
monitors, reached record highs (since measurements began
in 1953).
Since cycle 23/24 minimum in late-2008 we have seen
the rise of cycle 24 as the smallest sunspot cycle in 100
years. This provides the simple answer to the question:
What caused this extraordinary sunspot cycle minimum?
This deep and extended minimum was caused by the typi-
cally delayed start of a small cycle. Statistically, small cycles
start late and leave behind a long cycle and a deep mini-
mum [Hathaway et al., 1999] (c.f. minima preceding cycles
12-15). Two effects contribute to this: the actual start times
for small cycles are delayed [Hathaway et al., 1994] and the
Waldmeier Effect [Waldmeier , 1935] (in which small cycles
rise more slowly) moves the date of cycle minimum between
overlapping cycles.
This explanation raises an obvious follow-on question:
What caused cycle 24 to be so small? This can be attributed
to the weak polar fields built up during cycle 23. Models of
the Sun’s magnetic dynamo suggest that the Sun’s largely
dipole magnetic field at cycle minimum is the seed for the
magnetic field that erupts in the form of sunspots after am-
plification by the Sun’s differential rotation [Babcock , 1961;
Leighton, 1969].
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Based on these models, Schatten et al. [1978] proposed
that the strength of the polar fields at sunspot cycle mini-
mum should be a good predictor of the amplitude of the fol-
lowing sunspot cycle maximum. Recently, Mun˜oz-Jaramillo
et al. [2013] confirmed (by using counts of polar faculae as a
proxy for the polar fields prior to 1976) that the polar fields
themselves are indeed well correlated with the amplitude of
the following sunspot cycle maximum. Sunspot cycle predic-
tions based on the polar fields at minimum have successfully
predicted the last three cycles [Schatten et al., 1978; Schat-
ten and Sofia, 1987; Schatten et al., 1996] as well as cycle
24 [Svalgaard et al., 2005].
Wang and Sheeley [2009] have noted that the strength of
Sun’s axial dipole is more closely attuned to dynamo the-
ory and may be measured more accurately than the polar
fields for previous cycles. The axial dipole largely deter-
mines the interplanetary magnetic field near cycle minima
and this field can be derived from historical geomagnetic
measurements [Svalgaard and Cliver , 2005; Rouillard et al.,
2007]. In fact, Wang and Sheeley [2009] suggest that it is
this connection that makes the geomagnetic aa index at its
minimum such a good predictor for the amplitude of follow-
ing cycle [Ohl , 1966; Hathaway et al., 1999].
This explanation for the cause of a weak cycle 24 mini-
mum raises yet another follow-on question: Why did cycle
23 produce such weak polar fields and axial dipole? Dynamo
models [Babcock , 1961; Leighton, 1969] and models for the
transport of magnetic flux in the solar photosphere [DeVore
et al., 1984; Wang et al., 1989; van Ballegooijen et al., 1998;
Schrijver and Title, 2001; Baumann et al., 2004] produce the
polar fields through the emergence of tilted bipolar active
regions followed by the poleward transport of the magnetic
flux. The strength of the polar fields depends on the details
of both the sources (the total magnetic flux and tilt of the
active regions) and the transport processes (the meridional
flow and the non-axisymmetric cellular convective flows).
Either the sources or the transport processes, or both, must
vary to give variable polar fields and the consequent solar
cycle variability.
2. Producing the Sun’s Axial Dipole
Both the active region sources and the transport processes
that produce the axial dipole moment are evident in mag-
netic butterfly diagrams (Fig. 1). These diagrams are pro-
duced by averaging the Sun’s photospheric magnetic field
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over longitude during each solar rotation to show the mag-
netic field as a function of latitude and time. The butterfly
wings in these diagrams show the emergence of magnetic flux
in the active latitudes with a predominance of one polarity
at higher latitudes and the opposite polarity at lower lati-
tudes due to the Joy’s Law tilt of active regions [Hale et al.,
1919]. This polarity pattern alternates from hemisphere-
to-hemisphere and cycle-to-cycle reflecting Hale’s Law [Hale
et al., 1919].
As each cycle progresses, new tilted dipoles emerge at pro-
gressively lower latitudes so that the higher latitude follow-
ing polarity flux progressively cancels the preceding polarity
flux that previously occupied those latitudes. The poleward
transport of the high latitude polarity is evident in Fig. 1
in the form of unipolar streams that move poleward with
time. As each cycle reaches its maximum phase the sunspot
zones extend to their lowest latitudes with leading polarity
in close proximity to the equator. This allows for the dif-
fusive transport of leading polarity flux across the equator
and cancellation with the (opposite polarity) leading polar-
ity flux in the other hemisphere.
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Figure 1. A magnetic butterfly diagram produced from
data acquired by the National Solar Observatory. This
shows the emergence of magnetic flux with the system-
atic separation of polarities in the active latitude bands
as well as the poleward transport of this flux.
1980 1990 2000 2010
Date
-300
-200
-100
0
100
200
A
xi
al
 D
ip
ol
e 
M
om
en
t
21 22 23 24
Axial Dipole Moment
Sunspot Number - 300
Figure 2. The Sun’s axial dipole moment (black line)
as measured at the Wilcox Solar Observatory for the last
40 years. The smoothed sunspot number is shown in red.
This shows that the dipole reverses at about the time of
cycle maximum and reaches its maximum at about the
time of cycle minimum. The amplitudes of the following
cycles decrease as the amplitudes of the dipole moment
decrease.
The polarity of the high latitude flux is opposite to that
of the polar fields at the start of the cycle so the emergence
and poleward transport cancels the polar fields from the pre-
vious cycle and then builds up opposite polarity polar fields
over the remainder of the sunspot cycle. This is seen in the
axial dipole moment (Fig. 2) calculated from the latitudi-
nal distribution of the surface magnetic field. The dipole
reversals occur at about the time of cycle maximum and the
axial dipole moment that is built up at the end of the cycle
is well correlated with the strength of the following cycle
[Wang and Sheeley , 2009; Mun˜oz-Jaramillo et al., 2013].
This process could potentially lead to catastrophic behav-
ior for solar cycle amplitudes. Big sunspot cycles have more
magnetic flux emerging in active regions which would pro-
duce stronger axial dipoles along with increasing cycle am-
plitudes. Likewise, smaller sunspot cycles should produce
a string of cycles with diminishing amplitudes. While the
sunspot record does show periods of increasing and decreas-
ing cycle amplitudes, these trends are always limited to 4-5
cycles as part of the 100-year Gleissberg Cycle [Gleissberg ,
1939]. This suggests that either the transport processes or
the Joy’s Law tilt of active regions (or both) must somehow
change systematically with sunspot cycle amplitude to stem
the tide of increasing or decreasing cycle amplitudes.
A study of active region tilt by Dasi-Espuig et al. [2010]
indicates that the tilt may indeed vary with sunspot cycle
amplitude. They found a tendency for a smaller propor-
tionality between active region tilt and latitude in bigger
cycles. This effect would help to modulate the polar field
production by leaving less of an excess of the higher latitude
polarity during big cycles as shown by Cameron et al. [2010]
and Jiang et al. [2011].
Another mechanism for modulating the polar fields is to
modulate the latitudinal transport. This transport is fa-
cilitated by two processes – a random walk by the rapidly
evolving convection pattern and the direct transport by the
poleward meridional flow. The convection pattern includes
granules with velocities of ∼ 3000 m s−1, lifetimes of ∼ 10
minutes, and diameters of ∼ 1 Mm and supergranules with
velocities of ∼ 300 m s−1, lifetimes of a day, and diameters
of ∼ 30 Mm. In one year, a random walk by supergranules
should have ∼ 400 “steps” of 15 Mm giving a displacement
of ∼ 300 Mm The meridional flow velocity is only ∼ 10 m
s−1 but this direct flow also gives a displacement of ∼ 300
Mm over the course of a year. While these simple calcula-
tions suggest that these two processes have similar impact,
it should be noted that the diffusive effect of the supergran-
ules gives both poleward and equatorward motions and the
magnitude of the diffusivity still remains uncertain [Hage-
naar et al., 1999].
In this paper we report on our measurements of the merid-
ional motions of the magnetic elements. We find variations
in the strength and structure of the meridional flow that
may help to explain in general how the polar fields are mod-
ulated and in particular how they were modulated during
cycle 23. These variations may have contributed to the pro-
duction of the weak axial dipole moment during cycle 23
which, in turn, caused the small amplitude for cycle 24.
3. Measuring the Meridional Flow
Measurements of the meridional flow can be made by a
variety of techniques including direct Doppler, local helio-
seismology, and feature tracking. Advantages and disad-
vantages of the different techniques are discussed in the Ap-
pendix. We choose to use magnetic feature tracking because
is not masked by large systematic signals and it measures the
motions of the features of interest for magnetic flux trans-
port – magnetic field elements.
Our measurement technique is described in more detail
in Hathaway and Rightmire [2010], Hathaway and Right-
mire [2011], and Rightmire-Upton et al. [2012]. We ac-
quired full-disk magnetograms from the ESA/NASA Solar
and Heliospheric Observatory Michelson Doppler Investiga-
tion (SOHO/MDI) from May 1996 through March 2011 and
from the NASA Solar Dynamics Observatory Helioseismic
and Magnetic Imager (SDO/HMI) from April 2010 through
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July 2013. The SOHO/MDI magnetograms [Scherrer et al.,
1995] were individual or 5-minutes averages obtained ev-
ery 96 minutes except for a data gap (the SOHO summer
vacation) from June to October 1998. The SDO/HMI mag-
netograms [Scherrer et al., 2012] were averaged over 12-
minutes and obtained every 60 minutes.
We projected each full-disk magnetogram onto a Merca-
tor projection grid in heliographic longitude and latitude.
We extracted long, thin strips of data with longitudinal
widths of 105◦ and latitudinal heights of 2◦ centered on
the central meridian at a series of latitudes. These strips
were cross-correlated with similar strips from magnetograms
obtained 8 hours later and 8 hours earlier. The offset in
longitude and latitude giving the highest correlation gives
the differential rotation and meridional flow. The average
meridional flow profile obtained with the SDO/HMI data is
shown in Fig. 3.
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Figure 3. The average meridional flow profile obtained
with data from the SDO/HMI instrument acquired be-
tween April 2010 and July 2013. Meridional flow profiles
used in previous surface flux transport models are shown
with the dotted [Wang et al., 1989], dashed [van Bal-
legooijen et al., 1998] and dashed-dotted [Schrijver and
Title, 2001] lines.
This meridional flow profile is problematic for most sur-
face flux transport models – it indicates that the poleward
motions of the magnetic elements peak in mid-latitudes and
extend right to the poles. The early surface flux transport
models [Wang et al., 1989] employed a meridional flow that
had maximum poleward velocities immediately adjacent to
the equator with a slow fall-off to higher latitudes in each
hemisphere (dotted line in Fig. 3.). Later models [van Bal-
legooijen et al., 1998; Schrijver and Title, 2001] used profiles
that do match ours up to latitudes of 40−50◦ but then have
little or no poleward flow at latitudes above 75◦ (dashed and
dashed-dotted lines in Fig. 3).
The latitudinal structure of the meridional flow can sig-
nificantly alter the strength and structure of the polar fields
it produces in these models. The continued poleward flow
at high latitudes tends to make the fields more tightly con-
centrated at the poles. A peak flow velocity at very low
latitudes keeps opposite polarity elements from canceling
across the equator.
4. Meridional Flow Speed Variations
We calculated the average profile for each 27-day rotation
of the Sun and fit each of them to orthogonal polynomials
in sinB where B is the heliographic latitude. The fits to the
meridional flow are dominated by the terms of order 1 and
3.
Fig. 4 shows the history of the fit coefficients for the
meridional flow profiles. Here the coefficients found with
SOHO/MDI for cycle 23 [Hathaway and Rightmire, 2010]
are now augmented by those we find with SDO/HMI data
for cycle 24 and by those found with NSO/Kitt Peak data
for cycles 21 and 22 by Komm et al. [1993a] using a simi-
lar method. (Komm et al. [1993a] correlated square areas
at ∼ 24 hour time lags. We both excluded areas of strong
field associated with sunspots.) The variations in the merid-
ional flow speed over the course of each cycle are substantial.
The meridional flow is fast at cycle minima and slow at cycle
maxima as was previously noted by Komm et al. [1993a].
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Figure 4. The meridional flow speed history from 1980
through mid-2013 is represented in terms of the coeffi-
cients (S1 and S3) of the polynomials fit to the profiles.
Results for individual Carrington rotations are shown in
black for data from SOHO/MDI and in blue for the new
results from SDO/HMI. Both sets of data are shown with
2σ error bars. The data points (with 1σ error bars) for
the 2-year intervals from 1980 to 1990 from Komm et al.
[1993a] are also shown in black. The smoothed sunspot
number is shown in red as a reference for comparing the
meridional flow speed variations with the phases of the
sunspot cycles.
Fig. 4 also shows variations in the meridional flow speed
from cycle-to-cycle. The meridional flow was slower at both
the preceding minimum (1996) and the maximum (2000) of
cycle 23 when compared to the minima and maxima of both
the earlier cycles (21 and 22) and the later cycle (24).
5. Meridional Flow Structure Variations
The fit coefficients shown in Fig. 4 help to characterize
the amplitude of the variability but do not fully describe
the meridional flow variations. Cameron and Schu¨ssler
[2010] noted that the variations in the S1 term shown in
Fig. 4 could be explained in terms of the previously re-
ported changes to the meridional flow profiles derived from
local helioseismology [Zhao and Kosovichev , 2004; Gizon,
2004; Gonza´lez Herna´ndez et al., 2008, 2010] and interpreted
as inflows toward the active latitudes. This behavior is seen
in Fig. 5 by showing each individual profile in a color-coded
image.
The nature of the slow-down of the meridional flow at
cycle maxima is clearly evident in Fig 5. The slow-down
is seen as a weakening of the poleward flow on the pole-
ward sides of the active latitudes (lighter shades of red in
the north and blue in the south. This can indeed be in-
terpreted as an inflow toward the active latitudes that is
superimposed on the average poleward flow profile as sug-
gested by Cameron and Schu¨ssler [2010], noted earlier from
helioseismology [Zhao and Kosovichev , 2004; Gizon, 2004;
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Gonza´lez Herna´ndez et al., 2008, 2010], and from one of our
earlier studies of magnetic element motion [Hathaway and
Rightmire, 2011].
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Figure 5. The meridional flow profile history from May
1996 to July 2013 is represented by showing the flow pro-
files from each 27-day solar rotation as color-coded verti-
cal strips. Shades of blue represent southward flow while
shades of red represent northward flow. Black dots indi-
cate the location of the active latitudes as given by the
latitudinal centroid of the sunspot group area in each
hemisphere.
Fig. 5 also shows substantial differences between cycle
23 and our new results for cycle 24. The weakening of the
meridional flow on the poleward sides of the active latitudes
is hardly discernible in cycle 24. We also find polar counter-
cells (equatorward flow at high latitudes) with the MDI data
during cycle 23 that are not yet seen in HMI data during
cycle 24. Cycle 23 appeared to have a counter-cell in the
south that extended down to 60◦ in mid-1996. By 2001 the
counter-cell boundary moved poleward of our 75◦ observa-
tion limit. At about this time a counter-cell is seen to dip
below this limit in the north and then proceed to grow to
its maximum extent in 2006-2007 after which it shrinks but
is still apparent in MDI data in 2010. It is worth noting
that during the 1-year overlap between MDI and HMI from
April of 2010 to March of 2011 this northern counter-cell
was visible in the MDI data but not seen in the HMI data
even at 85◦ north [Rightmire-Upton et al., 2012].
6. Possible Effects on the Polar Fields
The effects of these meridional flow variations on the po-
lar fields and the axial dipole need to be determined. Sev-
eral previous studies have characterized the effects of simply
changing the amplitude of the meridional flow. In addition,
Jiang et al. [2010] and Cameron and Schu¨ssler [2012] have
recently examined the effects associated with variations in
the shape of the meridional flow profile that are very similar
to those found here (inflows toward the active latitudes).
The parametric study of Baumann et al. [2004] used
the meridional flow profile of van Ballegooijen et al. [1998]
(dashed line in Fig. 3) and varied the peak velocity from 0 to
30 m s−1 with a fixed diffusivity of 600 km2 s−1. They found
that the polar fields increased in strength as the meridional
flow amplitude increased from 0 to 8 m s−1 — more high
latitude, following polarity flux is carried to the poles and
the meridional flow itself counters the diffusion away from
the poles. As the meridional flow amplitude increases above
8 m s−1 the polar fields become weaker — the higher veloc-
ities prevent opposite polarities from canceling across the
equator so that the net flux carried by the meridional flow
decreases. (This result is similar to what was found earlier
by Wang et al. [1989]).
The switchover in the sensitivity of polar field strength
to meridional flow speed variations at 8 m s−1 makes any
conclusions about the effects of the observed variations dif-
ficult based on this study. The average flow speed of 11 m
s−1 is very close to this switchover point and the switchover
point itself must depend on the diffusivity and meridional
flow profile used in the calculations.
The structural changes to the meridional flow profile (the
slowdown above the active latitudes) should have a direct
and negative effect on the poleward transport of the high
latitude following polarity but have little effect on the flux
cancellation across the equator. In general, this should mod-
ulate the sunspot cycle amplitudes – big cycles would have
stronger inflows that would produce weaker polar fields than
expected from the increase of active region sources. In fact,
we find (Fig. 5) that this inflow was stronger in cycle 23
than it is in cycle 24. Jiang et al. [2010] and Cameron and
Schu¨ssler [2012] show that variations like this may indeed
provide a nonlinear feedback on the amplitudes of the solar
cycles and may even be a key ingredient in determining the
amplitudes of solar cycles. Although the variations they em-
ploy are significantly stronger than those we find in cycles
23 and 24 (neither cycle shows any actual equatorward flow
within the active latitudes) their results do suggest that the
meridional flow slowdown poleward of the active latitudes
in cycle 23 contributed to producing the weak polar fields.
7. Conclusions
The exceptional depth of cycle 23/24 minimum and the
exceptional length of cycle 23 can both be attributed to the
small amplitude of cycle 24 – small cycles typically start late
and leave behind low minima [Hathaway et al., 1999]. The
small amplitude of cycle 24 can be attributed to the weak
polar fields produced prior to cycle 23/24 minimum by the
activity and flux transport of cycle 23 – weak polar fields
produce weak cycles [Mun˜oz-Jaramillo et al., 2013]. The
strength of the polar fields (or the axial dipole moment) is
largely determined by a combination of three processes: the
total magnetic flux emerging in active regions, the charac-
teristic tilt of those active regions, and the transport (merid-
ional flow and diffusion) of that emerging flux.
Cycle 23 was significantly smaller than cycles 21 and 22
that preceded it. This change in active region sources alone
can be a significant source of the change in polar fields.
Dasi-Espuig et al. [2010] found that there are changes to
the characteristic tilt of active regions as a function of cy-
cle amplitude. However, they did not examine cycle 23 for
comparison with other cycles. Here we examined changes
in the meridional flow measured from the motions of the
small magnetic elements that populate the Sun’s surface.
We found variations in the meridional flow that may have
contributed to producing the weak polar fields in cycle 23
and may play a more general role in modulating the ampli-
tudes of the solar cycle.
We found that cycle 23 was characterized by a slower
meridional flow and that this variation in the meridional
flow was primarily due to a slowdown of the meridional flow
at the latitudes poleward of the sunspot zones. This slow-
down is not seen in cycle 24 – a much weaker solar cycle.
This suggests that this is a characteristic feature of solar
cycles: the weakening of the meridional flow is greater in
bigger cycles. Cameron and Schu¨ssler [2012] suggest that
this may be a key nonlinear process needed to modulate the
amplitudes of the solar cycles.
We suggest that this change in the meridional flow con-
tributed to the production of the weak polar fields at cycle
23/24 minimum. While this suggestion is supported by the
modeling work of Cameron and Schu¨ssler [2012], more de-
tailed modeling work with the actual meridional flow profiles
is needed for confirmation.
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Appendix A: Flow Measurement Methods
Measurements of the meridional flow can be made by a va-
riety of techniques including direct Doppler, time-distance
helioseismology, and magnetic feature tracking. The dif-
ferent techniques give information about flows at different
depths and about motions of different features. Both the
direct Doppler and time-distance helioseismology methods
must first characterize and remove systematic signals larger
than the meridional flow signal itself. Magnetic feature
tracking is not subject to such large systematic errors and
has the distinct advantage of measuring the motions of the
features of interest for magnetic flux transport – magnetic
field elements.
The Doppler signal due to the axisymmetric meridional
flow is masked by the much larger signal due to the convec-
tive blue shift and by instrumental/scanning artifacts. The
convective blue shift is produced by the correlation between
brightness and radial flow velocities in granules. It gives a
blue shift at disk center that falls off toward the limb and,
depending on spectral line, becomes a red shift near the
limb itself. The convective blue shift signal typically varies
by ∼ 500 m s−1 from disk center to limb and the signal is
known to vary locally in the presence of magnetic field ele-
ments. Various methods have been devised to separated the
convective blue shift signal from the meridional flow signal
[Snodgrass, 1984; Ulrich et al., 1988; Hathaway , 1996] but all
require an accurate measurement of the convective blue shift
and all assume that this signal does not vary with latitude.
Imaging artifacts, which (like the convective blue shift and
meridional flow signals) remain relatively fixed on the image
can also introduce systematic errors to the measurement of
the meridional flow. Fig. 6 shows examples of these Doppler
signals to illustrate the difficulties entailed in making direct
Doppler measurements of the meridional flow. While this
method is sensitive to the meridional flow at high latitudes,
it is insensitive to the meridional flow near the equator.
-250 m/s +250
Figure 6. The direct Doppler signals associated with
measuring the meridional flow are shown here with the
same scaling. The convective Blue Shift (left) has a dy-
namic range of 500 m s−1 and is show here without any
local variations due to the presence of magnetic field.
Imaging artifacts (center, from HMI) can have a dynamic
range of 200 m s−1. The meridional flow (right) has a dy-
namic range of only 10-15 m s−1.
Local helioseismology measures the meridional flow by
determining small differences in the sound travel time be-
tween north-to-south and south-to-north moving acoustic
waves. Time-Distance helioseismology does this by correlat-
ing signals observed at points separated in latitude. Duvall
and Hanasoge [2009] recently reported on a previously un-
noticed systematic center-to-limb variation in acoustic wave
travel times. The source of this signal is still uncertain
but it is clearly seen as an apparent flow away from disk
center that has affected all previous measurements of the
meridional flow using this method. The signal itself can be
characterized by measuring the signal away from disk center
along the equator as was done by Zhao et al. [2012]. Their
characterization of this signal indicates that it can be sev-
eral times larger than the meridional flow signal itself (see
their Fig. 2.). As with the direct Doppler method, this
method requires an accurate measurement of a systematic
signal and assumes that this signal does not vary with lati-
tude. This method is sensitive to meridional flow near the
equator and it provides important depth information but it
becomes more uncertain at high latitudes. Even with high
resolution data these measurements rarely extend poleward
of 60◦. Furthermore, when using meridional flow profiles
from helioseismology one must chose the appropriate depth
for the flux transport profile.
The feature tracking method using the small magnetic el-
ements has significant advantages over either direct Doppler
or local helioseismology. It can be used to measure the
meridional flow from the equator up to at least 85◦ latitude
[Rightmire-Upton et al., 2012]. It does not require character-
izing and removing any substantial systematic signals and
it directly measures the motions of the features of interest
for magnetic flux transport – the magnetic elements. Con-
versely, the motions of the magnetic elements are not given
by the motions of the surface plasma. The rotation rate of
the small magnetic elements [Snodgrass, 1983; Komm et al.,
1993b] is significantly faster than the surface Doppler rate –
indicating that the magnetic elements are anchored further
down in the surface shear layer.
We should note that Dikpati et al. [2010] have suggested
that magnetic element feature tracking is subject to a large
systematic signal associated with the “diffusion” produced
by supergranules. They argue that the diffusive transport
of magnetic elements away from the active latitudes should
give a fictitious flow velocity away from the active latitudes
with this method and they estimated the magnitude of the
effect using a 1D (latitudinal) transport model in which
there were no magnetic elements per se. We [Hathaway and
Rightmire, 2011] investigated this possibility by transport-
ing magnetic elements in both latitude and longitude using
only supergranular flows and then attempted to measure
this associated fictitious meridional flow. We found that it
must be less than the 1-2 m s−1 noise level in our measure-
ments (Fig. 10 of that paper). Furthermore, the meridional
flow variations we find using magnetic feature tracking are
in the form of an inflow toward the active latitudes - not the
outflow that would be produced according to Dikpati et al.
[2010].
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